Mouse developmental kinase 4 (MDK4), a novel receptor tyrosine kinase (RTK), was identified via degenerate primer screening of mouse embryo cDNA. The mRNA encoding this RTK was found only in skeletal muscle of mouse embryos and the maternal decidua. Northern blot analysis predicted an mRNA transcript size of 6.1 kb. The amino acid sequence is most closely related to Torpedo RTK. Analysis of mRNA and protein content of C2Ct2 cells at different stages of the differentiation process revealed increasing levels of MDK4 during this process. Immunofluorescence data indicated that MDK4 protein production begins with myoblasts elongation and is maintained throughout myotube formation. MDK4 transcripts were furthermore detected in the decidua tissue surrounding young embryos. Since decidua cells also form syncytia, it is possible that MDK4 is involved in the formation, regulation, and/or maintenance of the polynucleated state.
Introduction
Receptor tyrosine kinases (RTKs) comprise a large family of transmembrane proteins involved in the initiation of both proliferation and differentiation programs of the cell (reviewed by Schlessinger and Ullrich, 1992) . Upon ligand binding to the extracellular domain, receptors dimerize and recruit src homology 2 (SH2)-containing proteins to their phosphorylated intracellular tyrosines. SH2-containing proteins are signal transducers whose binding to the receptor leads to a variety of cellular responses, ultimately resulting in the appropriate cellular responses to the external stimuli.
Because of their role in initiating cell growth and differentiation, RTKs are widely expressed in the developing organism (Pasquale and Singer, 1989) . The family of 'trk' receptors, for example, is involved in the regulation of neuronal apoptosis during the formation of the nervous system. TrkA and trkB knock-out mice have been shown to carry severe defects in a number of neu-ronal populations and die shortly after birth (reviewed in Klein, 1994) .
The development of skeletal muscles in the mouse embryo starts with the formation of somites by segmentation of the paraxial mesoderm. Initially consisting of undetermined epithelial cells, somites develop into a dorsal epithelial sheet, the dermomyotome, and a loosely connected mesenchyme, the sclerotome, which gives rise to the skeletal structures of the vertebral column and the ribs (Christ and Wilting, 1992) . From the dermomyotome, muscle precursor cells migrate to the limb buds and the body wall. At mouse embryonal day 8 post-conception (E8), the dermomyotome starts to divide into the dermatome and the myotome. The dorsally-situated dermatome will develop into the dermis while the ventral myotome is the source of the developing precursor muscle cells which eventually differentiate into the axial skeletal muscles (reviewed in Kelly, 1983) .
The formation of syncytia by cell fusion is characteristic of skeletal muscle development. Myocyte syncytia (myotubes) are formed in the myotome starting at E8 by the fusion of mononucleated myoblasts. Myoblast to myotube differentiation can also be induced in vitro in the mouse myoblast cell line C2Ct2 (established by Yaffe and Saxel, 1977; Blau et al., 1983) .
Another tissue known to form syncytia is the decidua, the differentiating cells of the uterine mesenchyme. In preparing for the implantation of the blastocyst, uterine stroma fibroblasts swell and begin to store lipids and glycogens. After blastocyst implantation at day E5, decidua cells surround the embryo and start to fuse, forming large cells containing three to five nuclei. Their probable function lies in assisting to supply the growing embryo with nutrition and growth factors (Han et al., 1987; Crainie et al., 1990; Yelavarthi et al., 1991) . Decidua capsularis cells located opposite to the placenta formation site originally form a thick cell layer which becomes progressively thinner with time as cells undergo apoptosis and are phagocytozed by adjacent embryonal trophoblast cells. The trophoblast cells thereby move the cellular interface with the decidua capsularis layer further back and create space for the growing embryo (reviewed in Abrahamsohn and Zorn, 1993) .
We report here the cloning and characterization of a murine RTK expressed in skeletal muscle and decidua cells: mouse developmental kinase 4 (MDK4). MDK4 transcripts were detected early in the development of murine embryos. Expression started in the myotome and remained high during the differentiation of skeletal muscles in the embryo. A strong signal was also detected in the decidua surrounding the embryo at day E7.5. At E8.5, expression became restricted to the decidua capsularis and disappeared (together with the tissue) after E11.5. In vitro assays of differentiating mouse myoblast C2C12 cells showed that both the message and the protein production were upregulated with increasing differentiation.
We have shown that MDK4 expression begins with the formation of syncytia in tissues as different as skeletal muscle and the decidua. Based on these results we hypothesize that the fusion process is regulated via the MDK4 receptor and that MDK4 expression may furthermore be necessary to maintain the polynucleated state of the cells.
Results

Isolation of MDK4
various sequence databases. One previously unidentified sequence was found in P0.5. This fragment was then used to screen a mouse skeletal muscle library. Three partially overlapping clones were isolated sequentially, together comprising the full length MDK4. Comparison of the overall sequence with the closest relative of MDK4, Torpedo RTK (Jennings et al., 1993) , revealed that like Torpedo RTK, MDK4 harbors four immunoglobulin (Ig)-like domains in the extracellular domain (Fig. 1) . All eight cysteines involved are conserved. One important difference between MDK4 and Torpedo RTK appears to be the lack of a predicted extracellular motif of Torpedo RTK, the kringle domain, in MDK4. The extracellular part of MDK4 has a 53% amino acid identity with Torpedo RTK. Intracellularly, the homology between both receptors is even higher (77%). Only the kinase insert domains, present in both receptors, and the short C-termini of both receptors show no similarity. Based on these intracellular differences and the lack of the kringle domain, we believe that MDK4, although being a member of the same family as Torpedo RTK, is not the mouse homolog of Torpedo RTK.
Northern blot analysis of MDK4 expression
Northern blot analysis of different adult mouse tissues showed that MDK4 transcripts are exclusively expressed in skeletal muscle (Fig. 2) . One main band appeared at size 6.1 kb. Some lower molecular weight bands appear in the skeletal muscle lane and the placenta lane. These bands are probably due to unspecific hybridization as subsequent figures give no evidence of additional MDK4 expression in either of these tissues (see Figs. 3A and 5) . MDK4 transcripts of the same size were also detected in mouse myoblast C2Ct2 ceils that were differentiated to the myotube stage in cell culture. As shown in Fig. 3A , signal intensity increased most strongly from the undifferentiated stage to the differentiated stage and continued to rise for the 5 days tested after differentiation onset. The/3-actin signal which was used as control was expected to decrease as the cells differentiate and switch to a-actin. Since this expected decrease is not entirely evident in Fig.  3A , the increase in MDK4 expression may be somewhat less pronounced than suggested by this result.
Using degenerate primers corresponding to the conserved kinase domain of RTKs, we screened cDNAs isolated from mouse embryonic stages El0.5, E12.5, E14.5, E16.5, E18.5 post-conception (p.c.) and postnatal stages 0.5 (P0.5) and P1.5. We analyzed approximately 900 cloned PCR fragments by comparing their sequences to
Endogenous and overexpressed MDK4 in C2C~2 and 293 cells
Immunoprecipitation with a MDK4 C-terminal peptide antibody and Western blotting with a polyclonal anti-MDK4 antibody detected a 110 kDa band of MDK4 in Fig. 1 . Amino acid sequence comparison of MDK4 with Torpedo RTK (Jennings et al, 1993) . Of Torpedo RTK, only amino acids differing from MDK4 are shown. Dashes are inserted for optimal alignment. The MDK4 extracellular domain has four lg-like domains (involved cysteines marked by a circle) All eight cysteines are conserved in Torpedo RTK. MDK4 has two potential N-linked glycosylation sites (marked by *). The sequence shows a single transmembrane domain (heavy bar) and the kinase domain (boxed). mouse myoblast C2C12 cells. Using different differentiation stages of C2C]2 cells showed that protein levels of MDK4 increased from subconfluent undifferentiated cells to day 7 after onset of differentiation (Fig. 3B ). To confirm that MDK4 cDNA encodes an active receptor which is identical to the one found endogenously in C2C12 cells, we transfected 293 fibroblast cells with MDK4 cDNA cloned into an expression vector. Western blot analysis with the transfected 293 crude lysate showed a 110 kDa band not present in 293 cells transfected with the expression vector alone (Fig. 4A) . Moreover, this protein was shown to be phosphorylated on tyrosine, using the same crude lysate, and blotted with anti-phosphotyrosine antibody (5E2) (Fig. 4B) .
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In situ hybridization with MDK4 on mouse embryonal sections
In situ analysis with a 5' 1000 bases single stranded fragment of MDK4 cDNA on embryonal mouse sections of E9.5, 12.5, and 16.5 confirmed that MDK4 transcripts are specific for developing muscle cells as well as for a part of the decidua. Fig. 5 shows embryonal stages from E7.5 to Ell.5 all embedded in the surrounding maternal uterine tissue, the decidua. At E7.5, a hybridization signal evenly surrounds the embryo (Fig. 5A ) Starting at E8.5, MDK4 expression is restricted to the decidua capsularis ( Fig. 5B-E) . At E11.5, the decidua capsularis tissue has almost disappeared, and MDK4 expression vanishes accordingly (Fig. 5E) .
A sagittal section of an E12.5 embryo (Fig. 6A) shows hybridization of the MDK4 probe to the myotomes, to the jaw region and the diaphragm. In 16.5 day embryos, MDK4 transcripts continue to be expressed in muscle cells which are now found throughout the embryo, notably in the cheek, the neck, the shoulder, the intercostal muscles, the diaphragm, and the gluteus maximus (Fig.  6B ,G,H).
lmmunofluorescence studies o f MDK4 expression in CeCle cells
Immunostaining of differentiating C2C12 cells with an antibody directed against the C-terminus of MDK4 demonstrated the presence of the MDK4 receptor in elongated mononucleated cells and in multinucleated cells but not in non-elongated mononucleated cells. At day 1 after switching the cells to differentiation medium (D1) (Fig.  7A) , cells that exhibited an elongated shape or that contained more than one nucleus showed a fluorescent signal when stained with the anti-MDK4 antibody. Most cells remained in a round shape typical for undifferentiated cells and stained only very weakly with the antibody. At D2, more cells showed the elongated and multinuclear phenotype (Fig. 7B) , and only these particular cells gave a fluorescent signal. At D3, most cells appear as thick fibers containing multiple nuclei (Fig. 7C,D) . MDK4 antibody staining remained high in these fibers, indicating that MDK4 is not immediately downregulated after fusion is complete. As a control for the specificity of the antibody, Fig. 7D ,E shows a comparison between D3 C2C12 cells incubated with anti-MDK4 antibody and nonimmune serum, respectively. Both samples were nuclei counterstained. Only weak background staining was ob- 
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part of the Ig-like domains are conserved. However, one motif of Torpedo RTK, the kringle domain, is completely absent in MDK4. The kringle domain, originally described as a protein adhesion motif found in serine proteases (reviewed by Furie and Furie, 1988) , has also been identified in tyrosine kinases Rorl and Ror 2 (Masiakowski and Carroll, 1992) .
The development of muscle tissue is thought to occur in three stages, namely determination, differentiation, and maturation 
Discussion
We have identified a new murine RTK termed MDK4 exclusively expressed in the developing and mature skeletal muscle cells and in the maternal decidua. The amino acid sequence of MDK4 shows close homology to Torpedo RTK, a receptor tyrosine kinase identified by Jennings et al. (1993) 47 process of epithelial-like somitic cells developing into determined myoblasts and forming the myotome, a somitic substructure. Differentiation, with onset at E8, consists of the elongation of the myoblasts with the subsequent cell fusion and formation of myotubes. Maturation describes the process of neuronal innervation, synapse formation and development of fiber type. Jennings et al. (1993) hypothesized that Torpedo RTK plays a role in the last step of muscle development, maturation, possibly being involved in synapse formation and interacting with the acetylcholine receptor. MDK4 expression, on the other hand, starts early in somite development and significantly predates synapse formation in muscle which makes MDK4 involvement in the nerve/ muscle innervation program highly unlikely.
The expression of MDK4 was first detected in E9.5 embryos in a somite (not shown), at a time when the first differentiated ceils appear in the myotome and approximately coinciding with the start of expression with myf-5 (E8.5), and MyoD (El0.5) Ott et al., 1991) . As muscle cells migrate from the myotome to other areas of the body such as the body wall and the limbs, MDK4 expression can be seen in these sites as well. The E12.5 mouse embryo, for example, shows some muscle formation in the jaw region and in the diaphragm in addition to the MDK4 signal still present in the myotomes. In E16.5 embryos, muscle development has occurred in many body sites, all of which give a signal with the MDK4 in situ antisense probe.
The correlation of MDK4 expression to the differentiation stage of the muscle cell was demonstrated using the murine myoblast cell line C2C12. It was shown that MDK4 transcript and protein levels increase from a basal level in subconfluent and confluent undifferentiated cells to a much higher concentration once the cells are induced to differentiate by switching to low serum conditions. The rise in transcript levels occurs most strongly after D1 and continues to increase until D5. Protein levels were shown to increase until D7. The presence of MDK4 in the adult mouse muscle was demonstrated by Northern blot analysis, which yielded a single band in the skeletal muscle lane.
Immunofluorescence studies on C2C12 cells stained with anti-MDK4 antibody allowed us to determine MDK4 protein production on a single cell level. It was shown that the beginning of MDK4 expression correlates with the initial step of cell elongation in preparation to cell fusion and continues in the myotube stage of the cells. Non-elongated, undifferentiated cells consistently showed only weak background staining. This assay confirms that MDK4 expression begins with myoblast differentiation and is maintained in the myotube stage.
Strong MDK4 expression was furthermore found in the decidua. The maternal decidua tissue completely surrounds the embryo after implantation of the trophoblast at E5. It thereafter either differentiates into multinucleated decidua capsularis cells located antimesometrially (opposite the placenta) or contributes to the formation of the placenta at the mesometrial pole after E8.5 (reviewed in Abrahamsohn and Zorn, 1993) . MDK4 transcripts were first detected at E7.5. At that stage, expressing cells were located in a loose array surrounding the embryo. At E6.5, no signal was visible (not shown). Starting with E8.5, expression was limited to the decidua capsularis and lasted until E11.5. At this later time point, decidua capsularis cells begin progressive apoptosis and are subsequently phagocytosed by the neighboring trophoblast cells, making way for the growing embryo. Not much is known about the details of decidualization (decidua cell fusion). Abrahamsohn and Zorn (1993) describe that decidualization starts in the layers of stromal fibroblasts closest to the embryo and then proceeds mostly at the antimesometrial pol. MDK4 expression therefore parallels the formation of the syncytia.
It may be interesting to note that no muscle specific transcription factors have been found to be expressed in the decidua tissue. This may mean that fusion related processes in skeletal muscle and in decidua cells are controlled via different pathways. MDK4, on the other hand, might represent a factor that plays a role in both pathways and is therefore expressed in tissues as different as skeletal muscle and decidual cells during their time of fusion.
During the course of this work, MDK4 sequence and expression pattern was reported by two groups, both confirming MDK4 expression in skeletal muscle (Ganju et al., 1995; Valenzuela et al., 1995) . Our observation of additional MDK4 expression in the decidua adds important information necessary for the understanding of the complete biological role of MDK4 in mammalian development and suggests a regulatory link between two tissues not considered to be related so far.
Materials and methods
cDNA cloning of MDK4
PCR reactions were performed on cDNA prepared Fig. 5 . In situ hybridization with embryos at stages E7.5 (A), E8.5 (B), E9.5 (C), El0.5 (D), and E11.5 (E) all embedded in the maternal decidua. The sections were incubated with a single stranded 35S-labelled MDK4 cDNA fragment. (A) A hybridization signal in the decidua tissue surrounding the E7.5 embryo. Starting at E8.5, the signal is restricted to the decidua capsularis, which becomes thinner over time until it disappears at E11.5 (B-E). Bright field photography as well as an adjacent section incubated with the sense orientation of the same fragment serve as control (F-O). (P-Y) Enlargements of various regions: (P,U) bright and dark field enlargement of (A) at the area of the arrow; (Q,V) bright and dark field enlargement of (C) at the area of the arrow; (R) further enlargement of (S) at the area of the arrow; (W) further enlargement of (T) at the area of the arrow; (S,X) bright and dark field of (D) at the area of the arrow; (T,Y) bright and dark field enlargement of (E) at the area of the arrow.
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O Fig. 6 . In situ hybridization with an E12.5 (A) and an E16.5 (B) embryo. Abbreviations: ja, jaw; di, diaphragm; my, myotomes; ck, cheek; ne, neck; sh, shoulder; ic, intercostal muscles; gm, gluteus maximus. Sense control and bright field are seen in (C,D), and (E,F), respectively. Arrows in (B) indicate regions enlarged below: neck and shoulder in (G), intercostal muscles in (H).
• 0 • ,r, with poly(A ÷) RNA from mouse embryos of the p.c. stages El0.5, E12.5, E14.5, E16.5, and E18.5 as well as postnatal stages P0.5 and P1.5, using degenerate oligonucleotide primers according to Lay and Lemke (1991) .
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These primers correspond to the conserved peptide motifs HRDLAA and D(V/M)WS(F/Y)G of the kinase catalytic domain. Isolated PCR fragments coding for 68 amino acids of the catalytic domain of MDK4 were subsequently used in cDNA library screening. MDK4 was cloned out of a mouse skeletal muscle cDNA library (Clontech). DNA sequencing was performed with the dideoxynucleotide chain termination method (Sanger et al., 1977) using sequenase enzyme, reagents and protocols supplied by United States Biochemical Corporation. Comparisons of the deduced protein sequences with various sequence databases were carried out using the FASTA program (Pearson and Lipman, 1988) provided by the GCG sequence analysis software package (Genetics Computer Group, Wisconsin).
RNA extraction and Northern analysis
Balb/c mice were mated overnight and the morning of vaginal plug detection was defined as 0.5 day of gestation. For Northern blot analysis, RNA was extracted from the frozen embryos according to the acidic phenol method of Chomczynski and Sacchi (1987) . Oligo(dT)column chromatography was used for the selection of poly(A ÷) RNA. Aliquots were electrophoresed in 1.2% agarose formaldehyde gels (Sambrook et al., 1989) and transferred to nitrocellulose membranes (Schleicher & Schuell) . Hybridizations were performed overnight in 50% formamide, 5 x SSC (750mM sodium chloride, 75 mM sodium citrate), 5 x Denhardt's (0.1% Ficoll 400, 0.1% polyvinylpyrollidone, 0.1% BSA) and 50mM NaPO4 (pH 6.8) at 42°C with 1-3 X 106 cpm/ml of 32p_ random primed DNA probe, followed by high stringency washes in 0.2 × SSC, 0.2% SDS at 50°C. The filters were exposed for 14 days.
Preparation of hybridization probes
For Northern blot hybridization, a 5'-located fragment of 1051 bp (nucleotides 1-1051) was used. The fragment was isolated and labelled with a-[32p]dATP (Amersham) by random hexanucleotide priming (USB; Feinberg and Vogelstein, 1983) . The probe chosen for use in the in situ hybridization analysis was identical to the one used for the Northern analysis. A single-stranded DNA probe was prepared as described previously (Millauer et al., 1993) . Briefly, RNA transcripts were synthesized from the linearized plasmid using T3-or T7-RNA-Polymerase (Boehringer) and the DNA was degraded using DNase (RNasefree preparation; Boehringer). The RNA transcripts were used for a random-primed cDNA synthesis with a-[35S]dATP (Amersham) by reverse transcription with MMLV reverse transcriptase (BRL), resulting in small cDNA transcripts of about 100 bp. After hydrolysis of the RNA, the probe was purified by sephadex-G50 column chromatography.
In situ hybridization
For in situ hybridization embryos were embedded in Tissue-Tek (Miles), frozen on the surface of liquid nitrogen and stored at -70°C prior to use. Sectioning, postfixation and hybridization was performed as described previously (Millauer et al., 1993) . Sections 12/~m thick were incubated overnight with the [35S]cDNA probe (final concentration 2 × 104 cpm/~l) at 52°C in a buffer containing 50% formamide, 300 mM NaC1, 10 mM Tris-HC1, 10 mM NaPO4 (pH 6.8), 5 mM EDTA, 0.02% Ficoll 400, 0.02% polyvinylpyrolidone, 0.02% BSA, 10 mg/ml yeast RNA, 10% dextran sulfate and 10 mM DTT. Posthybridization washing was performed at high stringency (50% formamide, 300mM NaC1, 10mM Tris-HC1, 10 mM NaPO 4 (pH 6.8), 5 mM EDTA, 10 mM DTF at 52°C). Slides were coated with Kodak NTB2 film emulsion and exposed for 10 days. After developing, the sections were counterstained with toluidine blue. All sections were analyzed with an Olympus BH2 or SZ-PT microscope using bright field and dark field illumination.
Immunofluorescence
Cells were grown on coverslips to different differentiation stages, fixed in 4% formaldehyde for 1 h at room temperature and permeabilized with 0.1% Triton in phosphate buffered saline (PBS) for 10min. Cells were washed with PBS supplemented with 0.045% fish gelatine and 0.5% BSA (PBG). Cells were incubated with anti-MDK4 or non-immune serum for 1 h at room temperature at a dilution of 1:100 in PBG. After three 15 min washes in PBG, cells were incubated with the FITCconjugated goat anti-rabbit antibody F-0382 (Sigma Immunochemicals) for 1 h at room temperature (diluted according to instructions of manufacturer). After three more PBG washes, cells were mounted on slides, coverslipped and sealed with DAPCO.
Preparation of antisera
The C-terminal 74 amino acids of MDK4 was subcloned into the fusion protein expression vector pGEX1 (Pharmacia). The fusion proteins were purified as described (Smith and Johnson, 1990 ) and used for immunizing rabbits.
7. Cell culture and transfections
The cDNA encoding MDK4 was subcloned into the expression vector pcDNA3Neo under the control of the immediate early cytomegalovirus promoter. Transfection of human embryonic kidney fibroblast 293 cells (ATCC CRL 1573) was performed as described by Chen and Okayama (1987) . Stable cell lines expressing MDK4 were created by G418 selection and expansion of single colonies. Treatment and lysis of the cells were performed as described by Lammers et al. (1993) .
C2C12 cells (Yaffe and Saxel, 1977) were grown in 10% fetal calf serum (FCS) in DMEM to confluency. Myogenic differentiation was induced by switching the cells to 2% horse serum (HS) in DMSO. Cells were harvested at different stages of differentiation and total RNA was prepared according to Chomczynski and Sacchi (1987) .
Western analysis
Equal amounts of protein were determined by BCA assay (PIERCE) and electrophoresed in 7.5.% denaturing polyacrylamide gels. The gels were blotted on nitrocellulose filters at 150 mA for 3 h. All washes and hybridizations were performed in NET buffer containing 150 mM NaCI, 5 mM EDTA (pH 8), 50 mM Tris (pH 7.5), 0.05% Triton X-100 and 0.25% gelatine. Primary antibody incubations (MDK4 antibody or anti-phosphotyrosine antibody 5E2) were performed for 2 h at room temperature. Secondary antibody incubations involved horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit antibody and were performed for 1 h at room temperature. Filters were washed 3-5 times 15 min after each antibody incubation. Bands were detected using the ECLSystem (Amersham; Thorpe et al., 1985) .
lmmunoprecipitation with MDK4 antibody
MDK4 C-terminal peptide antibody was incubated overnight at 4°C with cell lysate from various stages of C2C12 cells containing the same amount of protein as determined by BCA assay (PIERCE) and with equal amounts of protein A Sepharose. Samples were centrifuged and washed with HNTG buffer, Protein components were eluted from the beads with Laemmli sample buffer and treated as in Western blots.
